Abstract. Laser ablation of Nickel, Copper, Molybdenum, Indium, Tungsten and Gold by short ultraviolet laser pulses (0.5 ps, 248 nm) in vacuum is reported for the first time. For Nickel and Indium, ablation is also studied in air to demonstrate the influence of the ambient atmosphere. Metal ablation in air is significantly less efficient than in vacuum due to redeposition of ablated material. The ablation rates in vacuum are discussed using a thermal model, which also allows to estimate ablation rates for other metals from basic optical and thermal properties. A comparison of the morphology of ablation sites after nanosecond and sub-picosecond ablation shows unequivocally the advantages of short-pulse laser ablation for high-precision patterning of thermally good conducting materials in micron-scale dimensions.
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Pulsed UV laser ablation [1] as a universal tool for surface processing of materials such as organic polymers [2] , inorganic crystals [3] and composite substrates [4] is well established. Because of this wide variety of materials, it is evident that the ablation behavior and the dynamics of the removal process depend strongly on the material's properties and the parameters of the laser pulse. Beside practical applications of laser ablation, e.g., micropackaging and surgery, this field contains also interesting fundamental aspects of laser-beam interaction with matter and is therefore under intensive investigation. The coupling mechanism of the laser light to the sample is one important key for understanding the ablation process. This mechanism can be very complex, since the optical and thermal properties may change considerably upon laser exposure due to formation of excited species, heating, phase transitions, and/or photochemical reactions [5] . Plasma formation and, for short pulses and transparent samples, nonlinear absorption must also be taken into account [6 9]. Also, redeposition of ablated material can occur after the pulse, often leading to an unfavorable debris around the ablation site. Therefore, proper choice of the ablation conditions like fluence, wavelength, pulse duration as well as pressure and chemical composition of the ambient atmosphere is required for each type of material in order to optimize the ablation process. Because the nature of physical and chemical effects contributing to the dynamics of laser ablation depend strongly on the ablation conditions [10] , it is evident that this choice is also of crucial importance for mechanistic studies. In a recent paper [11], short-pulse laser ablation of Nickel films was investigated in the low fluence region ( < 50 mJ/cm 2) and compared to ns ablation [12] . The main advantage of using short pulses for ablation of metals are: (1) during the pulse, no free plasma can develop and (2) heat diffusion into the material is negligible. Consequently, the ablation rate in vacuum becomes independent of the spot size [13] , in contrast to longer pulses [14] . Another important consequence of negligible heat diffusion during short pulses is that energy loss into the bulk is minimized. As a result, the ablation threshold is reduced by two orders of magnitude when decreasing the pulse length from 14 ns to 0.5 ps [11] . Because of a limited spatial resolution in the ns-case due to a thermal diffusion length (Lth~(/gtp) 1/2) on the order of 1 gm [12], shortpulse lasers are required for high-precision patterning in this case. Because metals generally provide a high absorption coefficient in the UV, multiphoton absorption can be neglected even when sub-ps laser pulses are used (Fluences higher than 10 J/cm 2 are usually not required in this case). Unlike in polymers, chemical effects also do not have to be taken into account. Considering the amount of chemical and physical processes that can be ruled out compared to other ablation conditions, ablation of metals by shortpulse lasers is relatively "simple" and is therefore suitable in the best way for testing ablation models. Additionally, short-pulse laser ablation of metals is opening up a previously unexplored field which is expected to impact on laser processing in general. While recent experiments [11] demonstrated only some of the basic features in the low fluence region, this paper presents the first extended study of short-pulse laser metal ablation. These investigations are designed with intent to exhibit new insights related to the basic mechanism of laser ablation and to enhance the versatility of laser surface processing.
Experimental
In our experiments, the homogeneous part of the output of a UV short-pulse excimer laser (0.5 ps, 248 nm, 10 mJ) was focused using a quartz lens ( f = 140 or 200 ram) into a vacuum chamber which could be evacuated to a pressure less than 10 -8 bar. The fluence was varied using a dielectric attenuator with adjustable transmission. To monitor the laser fluence, about 8 % of the pulse energy was deflected to a photo detector (UV UDT-100), which was calibrated using an energy probe head (Gentec ED-200), placed inside the chamber. The fluctuation of the laser energy from pulse to pulse was below 10%. Given fluences are within an absolute experimental error of 15 %. The sample was moved by a translation stage between measurements. After exposure to a fixed number of pulses, the depths of the ablation sites were measured using a stylus profilometer and the samples were further inspected by optical and scanning electron microscopy. ablation threshold is not affected by the environment of the ablation site. The slope of the ablation rate, however, is strongly influenced by the ambient atmosphere and decreases by a factor of 2 3 for both metals as the pressure is increased from 10 -8 to 1 bar. As expected from the large difference in detection sensitivity, the macroscopic ablation threshold for Nickel measured with a stylus profilometer (Fig. 1) is higher compared to the microscopic onset of material removal (20 mJ/cm 2) determined by laser ionization time of flight mass spectroscopy recently [-11] .
Optical microscopy (Fig. 2) shows that in air a considerable amount of material is redeposited on the sample, whereas in vacuum almost no ablated material is found to redeposit around the exposed site. This is supported by the profilometer measurements, where deposition near the edges was found when ablation took place in air. Redeposition is more pronounced for metals than for organic polymers, because in the latter case also volatile gaseous fragments are formed during the ablation process which cannot redeposit and will additionally help to move larger molecular fragments away from the surface. For
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